In this work, it was hypothesized that co-cultures of articular chondrocytes (ACs) and mesenchymal stem cells (MSCs) would exhibit enhanced sensitivity to chondrogenic stimuli, such as TGF-3, and would require a reduced concentration of TGF-3 to achieve an equivalent level of chondrogenesis compared to monocultures of each cell type. Furthermore, it was hypothesized that compared to monocultures, the chondrogenic phenotype of AC/MSC co-cultures would be more stable upon the removal of TGF-3 from the culture medium. These hypotheses were investigated by culturing ACs and MSCs alone and in a 1:3 ratio on electrospun poly( -caprolactone) scaffolds. All cell populations were cultured for two weeks with 0, 1, 3, or 10 ng/ml of TGF-3. After two weeks growth factor supplementation was removed, and the constructs were cultured for two additional weeks. Cell proliferation, extracellular matrix production, and chondrogenic gene expression were evaluated after two and four weeks. The results demonstrated that co-cultures of ACs and MSCs require a reduced concentration and duration of TGF-3 exposure to achieve an equivalent level of chondrogenesis compared to AC or MSC monocultures. Thus, the present work implicates that the promise of co-cultures for cartilage engineering is enhanced by their robust phenotype and heightened sensitivity to TGF-3.
Introduction
Articular chondrocytes (ACs) and mesenchymal stem cells (MSCs) are common cell sources for articular cartilage engineering; however there are complications associated with the use of each cell type. While ACs are isolated, expanded, and clinically implanted in autologous chondrocyte transplantation [1, 2] , obtaining sufficient numbers of ACs presents a challenge, as their isolation can cause significant donor site morbidity [2] . Furthermore, in vitro expansion of ACs can lead to rapid dedifferentiation and a fibroblastic phenotype [2] , resulting in an inferior tissue-engineered construct. Conversely, bone marrow-derived MSCs are readily available, easily expandable, and capable of chondrogenic differentiation [3] . While achieving MSC chondrogenesis has been demonstrated, it is not without challenges.
After chondrogenic induction, MSCs often exhibit a hypertrophic phenotype [4, 5] followed by calcification of the extracellular matrix (ECM) [5, 6] . Additionally, compared to ACs the amount of cartilage-like ECM produced by differentiating MSCs is minimal [7] [8] [9] and leads to constructs with inferior mechanical properties [10] . More recently, co-cultures of ACs and MSCs are being investigated as a potential cell population for articular cartilage engineering [11, 12] . Such a cell population has several advantages, including the ability to reduce the required number of ACs, while achieving equal or greater levels of chondrogenesis compared to ACs alone [13] . Furthermore, the co-culture scheme has been shown to reduce the mineralization and hypertrophy that is often seen in chondrogenic MSCs [4, 14] .
Studies investigating the mechanism of enhanced chondrogenesis in AC/MSC cultures have primarily concluded that the trophic effects of MSCs enhance AC chondrogenesis [8, 13, 15] . Most commonly, co-cultures have been investigated using standard serum-free culture medium with 10 ng/ml of TGF-3 [4, [13] [14] [15] [16] or TGF-1 [8, 11, 17] as a chondrogenic inducer in vitro; however, reduced concentrations of TGF-3 in AC/MSC co-cultures have not been investigated. Due to the ability of TGF-3 to enhance chondrogenesis of both ACs and MSCs and thus possibly enhancing the co-culture effects, the present study hypothesized that co-cultures may have enhanced sensitivity to chondrogenic stimuli, and thus may be capable of chondrogenic induction with a reduced concentration of TGF-3, compared to ACs or MSC cultures alone. Furthermore, due to the continued presence of MSCs and thus continued chondrogenic stimulation, it was hypothesized that the co-cultured cell populations would have a more stable phenotype upon the removal of TGF-3.
Materials and Methods

Experimental design
Bovine ACs and rabbit bone marrow-derived MSCs were seeded in monoculture or in coculture (1:3 ratio of ACs:MSCs) on electrospun poly( -caprolactone) (PCL) scaffolds and cultured for two weeks in a chemically defined, serum-free culture medium, supplemented with one of four concentrations of TGF-3: 0 ng/ml, 1 ng/ml, 3 ng/ml or 10 ng/ml. After the initial chondrogenic stimulation period, all groups were cultured for an additional two weeks to evaluate the stability of the construct phenotypes upon the removal of the TGF-3. Cultures were sampled at two and four weeks of total culture time for DNA, glycosaminoglycan (GAG), and hydroxyproline (HYP) quantification, chondrogenic gene expression, and histological analysis. culture flasks and rinsed after 48 h to remove non-adherent cells. Adherent cells were maintained in general medium (DMEM, 10% FBS, PSF) until confluent, pooled, and frozen.
Scaffold preparation
Non-woven PCL fiber mats were fabricated using a horizontal electrospinning apparatus, as previously described [19] . An 18 wt% solution of PCL (Inherent viscosity range 1.0-1.3 dl/ g; Durect corporation, Cupertino, CA) was created by dissolving the polymer in a 5:1 v/v ratio of chloroform to methanol. The polymer solution was extruded at a flow rate of 40 ml/ h through a 16 G needle, charged with a voltage of 30 kV, and directed towards a grounded collecting plate, 33 cm from the needle tip. Fiber morphology was inspected using scanning electron microscopy.
Scaffolds with an average fiber diameter of 9.8±2.5 m were punched from electrospun mats using an 8 mm dermal biopsy punch. Scaffolds, 1.0±0.1 mm in thickness, were sterilized by exposure to ethylene oxide, prewetted in a graded ethanol series, rinsed with PBS, and incubated in general medium for 3 days. Scaffolds were then press-fitted into cylindrical, custom-made, loading cassettes designed to confine the cell seeding suspension above the scaffolds.
D
Cell seeding and culture
ACs and MSCs were thawed and expanded for one and two passages, respectively, lifted from culture using 0.05% trypsin-EDTA, and suspended in chondrocyte growth medium. All scaffolds were seeded with a total of 220,000 cells in 180 l of culture medium. Scaffolds were seeded with ACs, MSCs, or a 1:3 ratio of ACs to MSCs. After 4 h, additional chondrocyte medium was added to completely cover the scaffolds and loading cassettes, and the cultures were incubated overnight to allow for cell attachment. The seeded constructs were then removed from cassettes and placed in individual wells of 12-well culture plates with 4 ml of serum-free chondrogenic medium (high-glucose DMEM, 1% ITS+ premix (BD Biosciences, San Jose, CA), 50 mg/mL ascorbic acid, 100 nM dexamethasone, PSF), supplemented with 0, 1, 3, or 10 ng/ml TGF-3 (PeproTech, Rocky Hill, NJ). Half of the medium was replenished three times a week. After two weeks, medium in all experimental groups was replaced with serum-free culture medium without TGF-3 supplementation. Five replicate samples were harvested after 0, two, and four weeks of culture and washed with PBS. A 3 mm biopsy punch was then used to obtain individual samples for each method of analysis.
Biochemical assays
From each construct, two 3 mm biopsy samples were pooled together and stored at −20°C. Samples were thawed and digested in proteinase K solution (1 mg/ml proteinase K, 0.01 mg/ ml pepstatin A and 0.185 mg/ml iodoacetamide in a 50 mM tris(hydroxymethyl aminomethane), 1 mM ethylenediaminetetraacetic acid buffer, pH 7.6) at 56°C for 16 h [7] . Samples then underwent three freeze/thaw cycles followed by 20 min sonication. Doublestranded DNA content of the constructs was quantified using Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Eugene, OR) [13] . Cell lysate, assay buffer and dye solution were combined in an opaque 96-well plate in duplicates, incubated for 10 min at room temperature, and fluorescence was measured using excitation and emission wavelengths of 485 nm and 528 nm, respectively (FL x800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT). DNA concentrations were determined relative to a lambda DNA standard curve. Sulfated GAG content was determined using the colorimetric dimethylmethylene blue assay [7] . Cell lysate and color reagent were combined in a transparent 96-well plate in duplicates, incubated for 7 min at room temperature, and absorbance at 520 nm was measured (PowerWave x340 Microplate Reader; BioTek Instruments). GAG concentrations were determined relative to a chondroitin sulfate standard curve.
HYP content, an indicator of total collagen content, was measured using a colorimetric assay [14] . For hydrolysis, cell lysate was combined with an equal volume of 4 N NaOH and heated at 121°C for 15 min. The samples were then neutralized with HCl to pH 6.5-7.0. Samples were divided into duplicate reactions, with chloramine-T and pdimethylaminobenzaldehyde solutions. Absorbance was read at 570 nm. HYP concentrations were determined relative to a trans-4-hydroxy-L-proline standard curve.
Real time reverse transcription polymerase chain reaction
Pelleted cell seeding stocks and minced constructs (n=5 samples) were rinsed in PBS, placed in 600 l lysis buffer (Qiagen, Valencia, CA), and vortexed before storing at −80 °C until further processing. Cell lysate was centrifuged through a QIAshredder homogenization column and combined with an equal volume of 70% ethanol. Total RNA was isolated using an RNeasy mini kit (Qiagen, Valencia, CA), following the manufacturer's instructions for the isolation of RNA from animal cells [7, 13] . Reverse transcription was performed using Oligo(dT) primers (Promega, San Luis Obispo, CA) and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA). Real-time PCR (Applied Biosystems 7300 RealTime PCR System, Foster City, CA) was performed on cDNA samples using SYBR Green detection (PerfeCTa SYBR Green FastMix, ROX; Quanta Biosciences, Gaithersburg, MD) with previously established primer sequences, designed to amplify both rabbit and bovine targets with equal efficiencies (Integrated DNA Technologies, Coralville, IA).
Target gene expression was first normalized to the expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the same sample ( Ct), then to the average baseline expression of that target gene measured in the AC cell stock used to seed the scaffolds ( Ct). The 2 − Ct method was used to convert normalized gene expression levels to fold differences [20] , and statistical analysis was performed on these values. Similarly, 2 − Ct was used to calculate the ratios of collagen II / collagen I. The primer sequences used in this analysis were [13] : Collagen type I: 5'-CCCAGAATGGAGCAGTGGTTACT-3', 5'-AGCAGACGCATGAAGGCAAG-3'; Collagen type II: 5'-GGCTTCCACTTCAGCTATGGAG-3, 5'-GTGTGTTTCGTGCAGCCATC-3'; Aggrecan: 5'-GAGCAGGAGTTTGTCAACAACAA-3', 5'-CCTCCCCAGTGGCAAAGAAG-3'; GAPDH: 5'-CCATCTTCCAGGAGCGAGAT-3', 5'-GGTTCACGCCCATCACAAAC-3'.
Histological Analysis
Samples were fixed using 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA), dehydrated in 70% ethanol, and embedded in HistoPrep freezing medium (Fisher Scientific). Frozen constructs were cut into 5 m thick sections using a cryostat (Leica CM 1850 UV; Leica Biosystems Nussloch GmbH, Germany) and mounted onto glass slides. Sections were then stained using Alcian Blue and Picrosirius Red counter stained with Fast Green to visualize the presence and distribution of GAGs and collagen and cells, respectively. Images were obtained using a light microscope with a digital camera attachment (Axio Imager.Z2 equipped with AxioCam MRc5; Carl Zeiss MicroImaging GmbH, Germany).
Statistical Analysis
Results are reported as means + standard deviation. Statistical analysis was performed using JMP 10 software package (SAS Institute, Cary, NC). One-way ANOVA and Tukey-Kramer multiple comparison tests were used to determine significant differences (p<0.05).
Results
Two week biochemical assays
The quantity of DNA was measured in all cell populations at the start of the culture to determine the baseline value and measured again after two weeks of culture (Fig. 1A.) . At that time, ACs and co-cultures had proliferated, resulting in an increase in DNA content from the initial levels; however, the MSCs did not exhibit any change in DNA content from day 0. In general, the levels of DNA were independent of TGF-3 concentration with the exception of non-induced co-cultures having lower DNA content than induced co-cultures. Furthermore, the baseline DNA contents of all cell populations were equal.
Even when cultured without TGF-3, AC constructs produced more total GAG and had higher GAG/DNA ratios, than the corresponding MSC cultures, whereas there was no significant difference between co-cultures and MSCs without TGF-3 ( Fig. 1B. and Fig.  1C. ). Comparing the effect of TGF-3 concentration on each cell population at two weeks, MSC constructs did not show an increase in total GAG contents or GAG/DNA ratios, even when cultured with the highest concentration of TGF-3. AC constructs cultured with 3 ng/ ml or higher of TGF-3 resulted in increased GAG contents and GAG/DNA ratios in comparison to the 0 ng/ml AC group. In contrast, increased GAG contents and GAG/DNA ratios were observed with as little as 1 ng/ml TGF-3 in the co-cultures. Comparing AC to co-culture constructs directly, co-cultures with 1 ng/ml TGF-3 resulted in an equivalent GAG/DNA as AC constructs with 10 ng/ml TGF-3. Compared to cultures containing ACs, MSC constructs produced low levels of GAGs at two weeks.
No clear effect of TGF-3 was observed on the HYP content or GAG/HYP ratios in the AC monocultures (Fig. 2) . In contrast, co-cultures showed higher HYP contents in the 3 and 10 ng/ml cultures and higher GAG/HYP in the 10 ng/ml constructs compared to the 0 ng/ml control. MSC cultures generally contained less HYP than the AC and co-culture constructs, with no effect of the TGF-3; however GAG/HYP ratios were higher in the 3 and 10 ng/ml MSC cultures than the 0 and 1 ng/ml cultures and were similar to the AC and co-culture constructs.
Two week real time reverse transcription polymerase chain reaction
Gene expression levels of select chondrogenic markers after two weeks of culture can be seen in Figure 3 , where the values were first normalized internally to GAPDH, then normalized to the day 0 AC samples, and reported as fold change relative to the day 0 AC group. The dashed line represents the day 0 gene expression of each cell population. AC aggrecan expression increased from the day 0 level not exposed to TGF-3, decreased in the 1 ng/ml culture, and remained unchanged in the other constructs. Thus, AC cultures with TGF-3 showed lower aggrecan expression than the 0 ng/ml AC control. Collagen I expression followed a similar pattern, as only the 0 ng/ml AC control increased from the day 0 level. Collagen II expression decreased in the 0 and 1 ng/ml AC cultures but remained unchanged in the 3 and 10 ng/ml cultures. Similarly, highest collagen II/I ratio was seen in the 3 and 10 ng/ml AC cultures, with no change from the day 0 level.
In the co-cultures aggrecan and collagen II expression increased from the initial levels in all groups exposed to TGF-3, resulting in higher expression than the 0 ng/ml control. Collagen I expression in the 0 and 1 ng/ml co-culture groups increased from the day 0 expression, but all cultures exposed to TGF-3 had lower collagen I expression than the 0 ng/ml control. This change in gene expression resulted in a collagen II/I ratio that increased from day 0 in all co-cultures and was highest in the 3 and 10 ng/ml co-cultures.
In the MSC cultures, aggrecan and collagen II expression increased from the initial levels in the 3 and 10 ng/ml cultures, which were both higher than the 0 ng/ml control. Collagen I expression increased from the initial levels in all MSC cultures but was lowest in TGF-3 cultures. This led to a collagen II/I ratio that was highest in the 3 and 10 ng/ml cultures.
Two week histology
Histological evaluation, presented in Figure 4 , corroborated the results of the biochemical assays. More intense GAG staining was observed in AC and co-culture constructs exposed to TGF-3 compared to the 0 ng/ml control, whereas, no clear effect of TGF-3 was observed with collagen and cell staining. Additionally, only very low quantities of ECM and cells were observed in MSC sections (data not shown).
Four week biochemical assays
After four weeks, ACs and co-cultures had continued to proliferate, but the MSC cultures still exhibited no increase in DNA content from the two week levels (Fig. 5A.) . ACs and cocultures exhibited dose-dependent increases in DNA content with the 10 ng/ml constructs containing the highest quantity of DNA. Additionally, no difference in DNA was found between the AC and co-culture populations at each concentration of growth factor.
Similarly, GAG contents and GAG/DNA ratios of the AC and co-culture constructs followed a dose-dependent trend (Fig. 5B.) . ACs with 10 ng/ml of TGF-3 and co-cultures with all concentrations of TGF-3 showed an increase in GAG content from two weeks. However when normalized to DNA, this effect translated to an decrease in the GAG/DNA ratios in the 3 and 10 ng/ml AC cultures and the 3 ng/ml co-culture constructs, but no change in the 10 ng/ml co-culture group. All MSC constructs had increased GAG/DNA ratios, and MSC constructs exposed to TGF-3 had increased GAG content from two weeks. In the AC constructs, the total GAG content in the 3 and 10 ng/ml samples was higher than in the cultures without TGF-3, but the GAG/DNA ratio was higher only in the 10 ng/ml constructs. However, in the co-culture constructs, all groups exposed to TGF-3 had higher GAG content and GAG/DNA ratios than the 0 ng/ml controls. In the MSC cultures, there was no difference in GAG content among any of the groups, but the GAG/DNA ratios in the 10 ng/ml cultures were higher than those cultured with 1 ng/ml or less.
HYP content in the constructs increased in all AC and co-cultured groups from two weeks, but was unchanged in the MSC cultures (Fig. 6A.) . GAG/HYP ratios also remained steady in all AC and co-culture groups, with the exception of the 1 ng/ml co-cultures, which decreased from the two week level (Fig. 6B.) . MSC 3 and 10 ng/ml cultures had increased GAG/HYP ratios from the two week levels. HYP content was higher in all co-culture constructs than in the AC groups exposed to the corresponding TGF-3 concentration. Compared to the AC and co-culture constructs all MSC groups produced minimal HYP. The GAG/HYP ratios in the constructs followed a dose-dependent pattern with the co-cultures exposed to TGF-3 having a higher GAG/HYP than the 0 ng/ml control. In the AC groups, the 3 ng/ml and 10 ng/ml cultures had higher GAG/HYP ratios than the 0 ng/ml AC cultures. MSC cultures only resulted in an increased GAG/HYP ratio in the 10 ng/ml culture. Comparing between cell populations, the co-cultures displayed the highest GAG/ HYP ratios with the 1 ng/ml co-cultures being equal to the 10 ng/ml AC cultures.
Four week real time reverse transcription polymerase chain reaction
Gene expression in all samples at four weeks was first normalized internally, to GAPDH and then normalized to the day 0 AC samples and is shown in Figure 7 . All groups were compared to the corresponding gene expression at two weeks and to the 0 ng/ml cultures of the same cell population. AC cultures generally had decreased aggrecan expression from two weeks, such that no effect of previous TGF-3 exposure was observed. Collagen I expression in AC cultures increased from two weeks in the 10 ng/ml cultures, but decreased in the 0 ng/ml cultures. Both the 1 and 10 ng/ml AC cultures had higher collagen I expression than the 0 ng/ml cultures. Collagen II expression and the collagen II/I ratio decreased from the two week levels in the 3 and 10 ng/ml AC cultures and was no different among any of the growth factor concentrations at four weeks.
In the co-cultures, aggrecan expression decreased from two weeks in all TGF-3 cultures, with the exception of the 10 ng/ml group, where the aggrecan expression remained greater than all other co-culture groups. Collagen I expression decreased in the 0 and 1 ng/ml cocultures. Interestingly, collagen II expression increased from two weeks in the 3 and 10 ng/ ml co-cultures, and both were significantly higher than the 0 ng/ml control. However, the collagen II/I ratio decreased in the 3 and 10 ng/ml co-cultures, but the 10 ng/ml culture still remained higher than the 0 ng/ml control.
MSC cultures had decreased aggrecan expression from two weeks in the 3 and 10 ng/ml cultures, and only in the 10 ng/ml culture group was there any difference in aggrecan expression compared to the 0 ng/ml control. Collagen I expression increased from two weeks in all MSC cultures, and the collagen II expression and the collagen II/I ratio decreased in the 3 and 10 ng/ml cultures. No effect of TGF-3 was seen in the collagen I, collagen II, or collagen II/I expression of the MSCs at four weeks.
Four week histology
Histological staining at four weeks again corroborated the results of the biochemical assays. More intense GAG staining was observed at four weeks compared to two weeks, and a dose dependent increase in intensity was also observed in the AC and co-cultured constructs. Similarly, a dose dependent increase in cell staining was also observed among the sections, and more intense collagen staining was seen in the four week, compared to the two week sections. Similar to the two week histology, very low levels of ECM and cells were observed in the MSC constructs (data not shown).
Discussion
Co-cultures of ACs and MSCs are a promising cell source for cartilage engineering with the potential to overcome several challenges associated with the individual use of corresponding monocultures. The enhanced proliferation, matrix production, and chondrogenic gene expression of co-cultures has generally been attributed to the ACs, whose chondrogenic activity is upregulated by the presence of MSCs [8, 13, 15] . In the present study, we hypothesized that co-cultures of ACs and MSCs would exhibit enhanced sensitivity to chondrogenic stimuli and thus would require a reduced dosage of TGF-3 in order to observe enhanced chondrogenesis. Furthermore, it was hypothesized that the presence of the MSCs in long-term co-cultures would continue to enhance AC phenotype even after the removal of TGF-3, and would therefore lead to robust chondrogenesis with minimized need for exogenously added growth factor.
The sensitivity of the co-cultures was evaluated through investigation of the ECM production and gene expression at each level of TGF-3 exposure. At two weeks AC cultures had proliferated independent of the TGF-3 dose. While GAG production was TGF-3 dose-dependent, a significant enhancement in total GAG and GAG/DNA from the 0 ng/ml cultures was only observed with the higher concentrations (3 or 10 ng/ml) of TGF-3. At the same time, co-cultured constructs proliferated to the same extent as AC cultures, with a greater increase seen in all cultures exposed to TGF-3 compared to the 0 ng/ml cultures. As hypothesized in this work, it was seen that co-cultures of ACs and MSCs exhibit a greater sensitivity to TGF-3 in that enhanced matrix production compared to no TGF-3 cultures can be observed even with the addition of as little as 1 ng/ml of TGF-3. Furthermore, while the enhanced sensitivity was seen to improve matrix production, the same effect was also observed when evaluating gene expression. While collagen I expression was reduced in all AC cultures exposed to TGF-3, aggrecan expression was inhibited in these same constructs. Similar to the matrix production, AC collagen II expression and the collagen II/I ratio was enhanced only in the 3 and 10 ng/ml cultures. Cocultures on the other hand, demonstrated increased aggrecan and collagen II expression and reduced collagen I expression in all cultures exposed to TGF-3. These results indicate that TGF-3 could potentially be effective in co-cultures with a lower dose than in AC cultures alone.
It is known that the in vivo microenvironment can alter cellular response to growth factors compared to in vitro conditions [21] , and the results of this study may be further demonstrating the impact of cell microenvironment, as the addition of MSCs to cultures of ACs altered the growth factor sensitivity. Studies evaluating the effect of TGF-on AC proliferation with ACs of various expansion stages, and thus differentiation states, indicate that the magnitude of the growth factor's effect decreases with AC dedifferentiation [22, 23] . Thus, at least proliferation of ACs as a result of TGF-exposure is dependent on AC phenotype, and it is plausible that the regulatory effect is extended to matrix production and gene expression, which at two weeks were the primary responses to TGF-3 in the present study. Potentially, the enhanced sensitivity of co-cultures to TGF-3 may be a result of MSCs in co-culture enhancing the AC phenotype, and in turn the AC response to TGF-3. Indeed, the chondrocyte differentiation state and TGF-sensitivity has been further investigated with rabbit auricular chondrocytes, and results suggested that the correlation between phenotype and TGF-sensitivity was due to the state of the chondrocyte pericellular matrix [24] . Theoretically, more chondrogenic ACs have more mature pericellular matrices, which are known to sequester growth factors [25] and to affect the presentation of biochemical signals to the cells [26] . Thus, the alterations in the pericellular matrix of ACs either as a result of TGF-3 exposure or MSC trophic effects could enhance the presentation of biochemical signals to ACs. Additionally, the presence of TGF-3 may be altering the magnitude or nature of the trophic effects directly, as exogenous growth factors have been shown to regulate the endogenous expression of growth factors [27] .
Directly comparing the co-cultured constructs to the AC constructs clearly demonstrates advantages of the AC/MSC co-cultures for cartilage engineering. At two weeks, co-cultures with 3 ng/ml TGF-3 achieved equivalent chondrogenesis as 10 ng/ml of TGF-3 in AC constructs. Thus, co-cultures allow for a reduction in both the total number of ACs and amount of growth factor necessary to reach the same level of chondrogenesis as ACs alone. These results were obtained through in vitro culture of the constructs and demonstrate the advantages of this culture model for the generation of tissue-engineered constructs in vitro. While such effects do not necessarily translate to in vivo conditions, the results may suggest the potential of delivering MSCs and TGF-3 in order to enhance the sensitivity of endogenous or exogenous ACs to the growth factor. Delivering effective concentrations of growth factors in vivo can be challenging as the in vivo environment can lead to rapid removal of the proteins from the wound site, loss of bioactivity, or low availability as a result of the slow tissue diffusion of large proteins [21] . Thus, the use of co-cultures could potentially allow for better success with the delivery of TGF-3. While such an idea cannot be proven from the current in vitro data, the results of the present study indicate the need to further investigate this concept.
By way of addressing the second hypothesis, cultures were exposed to TGF-3 for two weeks, after which the growth factor was removed, and the constructs were cultured in serum-free culture medium with dexamethasone. This culture regime is well established, as several studies have demonstrated the advantages of transient exposure to TGF-3 in AC cultures and have shown that a two week exposure leads to enhanced matrix production and improved construct mechanical properties compared to continuous exposure to TGF-3 [28] [29] [30] . Similar to the results here, a two week initial exposure of ACs to various concentrations of TGF-3 led to more drastic dose-dependent effects later at four weeks, compared to continuous exposure [30] . However, as demonstrated in the present study, while a significant amount of matrix is produced after four weeks with transient exposure, the chondrogenic gene expression of ACs sharply declines after removal of growth factor. By four weeks, the gene expression of ACs did not demonstrate any positive effect from previous exposure to any of the TGF-3 concentrations evaluated. Conversely, in co-culture constructs the chondrogenic gene expression generally still decreased from the two week levels, but a significant enhancement in aggrecan, collagen II, and the ratio of collagen II/ collagen I expression was seen in the 10 ng/ml cultures compared to the 0 ng/ml controls. Thus, transient exposure of co-cultures to TGF-3 resulted in increased proliferation and matrix production while maintaining enhanced gene expression, compared to constructs not exposed to TGF-3.
Consistent with previous studies, the MSC cultures in the present work exhibited very low levels of proliferation and produced inferior levels of ECM compared to the cultures containing ACs [8, 13] . While no difference in early GAG production was observed among any of the TGF-3 concentrations in the MSC cultures, the two week culture period may not have been an adequate length of time to observe sufficient MSC differentiation. However, at the same time the 3 and 10 ng/ml MSC constructs, demonstrated improved chondrogenic gene expression and GAG/HYP ratios similar to the AC and co-culture constructs at the same TGF-3 concentrations, indicating chondrogenesis in these cultures. At four weeks, even in the 10 ng/ml MSC constructs, a decrease in chondrogenic gene expression, and GAG/DNA and GAG/HYP ratios occurred, indicating that the chondrogenic phenotype was not strong enough to remain after the removal of the chondrogenic stimuli. Previously, brief exposure (1 week) of MSC cultures to high levels (100 ng/ml) of TGF-3 was shown to be capable of inducing and maintaining MSC chondrogenesis [31] . Interestingly, a transient, 3 week exposure of MSCs to 10 ng/ml TGF-3 led to improved equilibrium modulus and GAG accumulation, similar to the phenomenon seen in transient AC exposure; however the effect was only seen with MSCs encapsulated at a high cell density [32] . Thus, the MSC cultures in the present study may have demonstrated greater stability if cultured at a higher cell density or higher TGF-3 concentration.
The mechanism of the enhanced stability of co-cultures was not examined in the present study. As such, further investigation is needed to elucidate the mechanism and develop potential ways to further leverage its effects. Previously, using the same co-cultures as the present study with continuous exposure to 10 ng/ml TGF-3, an increase in the proportion of AC gene expression was observed by four weeks, indicating a decrease in the proportion of MSCs relative to ACs. This result was corroborated in the present study by the disparate proliferation of ACs and MSCs in monocultures. By four weeks, the gene expression appeared to be almost completely from ACs [13] . However, at two weeks, a significant portion of MSCs was still detected. If the enhanced stability of the co-cultures is directly due to the presence of active MSCs, rather than a sustained effect of their presence at a previous point in culture, the magnitude of this effect may diminish over the duration of the culture, as the proportion of MSCs decreases. Furthermore, the co-culture ratio may be a significant factor in this effect and possibly should be investigated in future studies.
Conclusions
The current work evaluated the sensitivity of co-cultures of ACs and MSCs to TGF-3 by quantifying the synthetic capacity and chondrogenic gene expression of the cultures after exposure to a range of TGF-3 concentrations over two weeks of culture. The results demonstrated that while TGF-3 was able to enhance the chondrogenic phenotype of ACs and MSCs, AC/MSC co-cultures required a reduced concentration of TGF-3 in order to achieve enhanced chondrogenesis compared to either cell type alone. Furthermore, the present study evaluated the stability of the cell phenotypes after the removal of TGF-3 from the culture medium. Here, it was demonstrated that the phenotype of the co-cultures was more stable upon the removal of chondrogenic stimuli compared to either cell type alone.
Thus, these results demonstrate that co-cultures can be used to effectively reduce the magnitude or duration of TGF-3 exposure while achieving an equal level of chondrogenesis compared to AC or MSC monocultures. (A) DNA, (B) GAG, and (C) GAG/DNA in constructs after two weeks of culture. Dashed line represents the initial quantity of DNA detected after cell seeding. * indicates a statistically significant difference from the day 0 levels (p<0.05). Groups not connected by same letter are statistically different (p<0.05). Aggrecan, collagen I and collagen II expression all normalized to chondrocyte monoculture expression upon cell seeding and the collagen II/I expression ratio. Dashed line indicates the starting level of gene expression in each cell type. * indicates a statistically significant difference from the day 0 gene expression levels (p<0.05). ‡ indicates a statistically significant difference from the 0 ng/ml cultures of the same cell population levels (p<0.05). (A) DNA, (B) GAG, and (C) GAG/DNA in constructs after four weeks of culture. * indicates a statistically significant difference from the two week levels (p<0.05). Groups not connected by same letter are statistically different (p<0.05). (A) Hydroxyproline (HYP) and (B) GAG/HYP in constructs after four weeks of culture. * indicates a statistically significant difference from the two week levels (p<0.05). Groups not connected by same letter are statistically different (p<0.05). Aggrecan, collagen I and collagen II expression all normalized to chondrocyte monoculture expression upon cell seeding and the collagen II/I expression ratio. * indicates a statistically significant difference from the two week gene expression (p<0.05). ‡ indicates a statistically significant difference from the 0 ng/ml cultures of the same cell population levels (p<0.05). 
